T he hepatitis C virus (HCV) is an enveloped, single-strand, positive-sense RNA virus in the Flaviviridae family. HCV is a leading cause of cirrhosis and end-stage disease globally, with an estimated 170 million to 200 million people infected worldwide (1) . Seven distinct HCV genotypes and numerous subtypes, with significant variability in their geographic distributions, have been characterized (2) . HCV genotype 1 is the most common, accounting for 46 to 60% of the global infections, and is predominant in North America, Europe, and Japan (3) (4) (5) (6) .
HCV-infected patients typically have high-level viremia characterized by a vast heterogeneous pool of viral genome sequences (7) . This quasispecies pool is produced by the error-prone HCV RNA-dependent RNA polymerase, which does not have an editing function to remove base incorporation errors (8) . In some cases, these sequence mutations result in amino acid substitutions in nonstructural viral proteins such as NS3/NS4A protease, NS5A, or the RNA polymerase itself. Substitutions in these nonstructural proteins can potentially lead to drug resistance and treatment failure.
The HCV NS5B polymerase has multiple binding sites that can be targeted for inhibition of HCV replication. The most phylogenetically conserved of these is the catalytic site of the enzyme, which is inhibited by nucleoside/nucleotide inhibitors such as sofosbuvir, VX-135, IDX21437, IDX21459, and ACH-3422 (9, 10) . Most of these nucleoside/nucleotide analogs select the S282T resistant variant in vitro in HCV subgenomic replicon assays (11) . In addition to the active site, the HCV polymerase enzyme has 4 allosteric inhibitor binding sites, which are located within the canonical thumb and palm domains of the protein (12) (13) (14) . The thumb domain contains two binding pockets, which are characterized by distinct sets of resistant variants. Compounds that bind to the lower thumb site (thumb II) include GS-9669, filibuvir, and lomibuvir and frequently select R422K, L419M, M423T, and I482L as major resistant variants (14, 15) . Upper thumb (thumb I) binders, such as BI-207127 and BMS-791325, are associated with resistant variants P495A/S/L/T and V499A (16) . The palm I and II sites are partially overlapping; palm II site inhibitors include HCV-796 and GSK5852 (17, 18) . HCV-796 selects a highly resistant variant, C316Y, whereas GSK5852 retains activity against C316Y but is less active against variants C316F, S365F/L/T, and C445F. These palm II site inhibitors are differentiated from other nonnucleoside inhibitors in that they possess potent activity across genotype 1 to 4 polymerases (17, 18) . Palm I site inhibitors include multiple series of benzothiadiazine-containing compounds, which select resistant variants C316Y, M414T, Y448H, and G554D (19, 20) . The resistance profiles of the palm I site inhibitors and their overlap with the palm II site inhibitors are entirely consistent with published ligand-bound crystal structures of palm I and II site inhibitors (17, 21) .
A high-throughput screening campaign identified an aryl dihydrouracil fragment that was subsequently modified to produce the potent nonnucleoside inhibitor known as dasabuvir (ABT-333) (22) . In this paper, we report the in vitro potency and resistance profiles of dasabuvir. Dasabuvir is being developed for use in combination with ABT-450, a potent macrocyclic noncovalent peptidomimetic inhibitor of HCV NS3/NS4A protease, and the NS5A inhibitor ombitasvir (ABT-267), with or without ribavirin (RBV), for the treatment of HCV genotype 1 infections in patients with or without cirrhosis (23) (24) (25) (26) (27) . Fig. 1) , was synthesized at AbbVie.
MATERIALS AND METHODS

Compound
Inhibition of HCV polymerases in biochemical assays. The recombinant HCV polymerases used in this study contained the first 570 amino acids of the 591-amino acid native protein sequence, with a six-histidine tag at the N terminus to facilitate purification by affinity chromatography. The polymerase enzymatic inhibition assay was described previously by Liu et al. (28) . Briefly, dasabuvir was incubated with 5 to 50 nM polymerase for 15 min at room temperature, followed by the addition of nucleoside triphosphates (NTPs) and [ 3 H]UTP for 3 h at 30°C. After termination of the reaction, the precipitated RNA was captured by filtration through a GF/B filter (Millipore). The amount of incorporated [ 3 H]UTP was measured by scintillation counting with a Wallac 1450 MicroBeta counter. The percent inhibition was calculated from the initial rates of inhibited reactions relative to that of the uninhibited control reaction. The mean 50% inhibitory concentration (IC 50 ) and the standard error of the mean (SEM) were calculated via nonlinear regression.
Inhibition of mammalian polymerases in biochemical assays. The inhibition of human and mammalian DNA polymerases was evaluated by Replizyme Ltd. (Heslington, United Kingdom). The DNA-dependent RNA polymerase activity for human RNA polymerases II and III was measured using polymerases present in a HeLa cell extract and DNA templates containing promoters specific for either polymerase II or polymerase III. ␣-Amanitin, a potent inhibitor of human polymerase II and a modest inhibitor of polymerase III, was used as a control. The reaction mixtures contained 20 mM Tris-HCl (pH 8.0), 20% glycerol, 100 mM KCl, 1 mM dithiothreitol (DTT), 0.2 mM EDTA, 6 mM MgCl 2 , and either 1 g/l pAdVAntage plasmid (Promega, Madison, WI) (for the polymerase III assay) or 25 ng/l cytomegalovirus (CMV) promoter DNA (Promega, Madison, WI) (for the polymerase II assay). The reaction mixtures also contained HeLa cell nuclear extract (ProteinOne, Rockville, MD), 400 M ATP, CTP, and UTP, and 16 M GTP and [␣-
33 P]GTP. The reaction mixtures were incubated for 1 h at 30°C, quenched with the addition of proteinase K, SDS, and EDTA, incubated for 30 min at 56°C, and then analyzed on a Criterion Bio-Rad 5% acrylamide Tris-borate-EDTA (TBE)-urea gel. The gel was dried and placed on a PhosphorImager screen for overnight exposure. The volumes of the product bands were measured, and the percent inhibition was calculated; IC 50 values were calculated using the following equation: % inhibition ϭ 100[I]/([I] ϩ IC 50 ).
Activity in HCV replicons. The genotype 1a replicon construct contained the 5= nontranslated region (NTR) from genotype 1a (strain H77) (GenBank accession number NC004102) followed by the firefly luciferase reporter gene and the neomycin phosphotransferase gene (neo), which together constituted the first cistron of the bicistronic replicon construct. This was followed by the encephalomyocarditis virus (EMCV) internal ribosomal entry site (IRES), the second cistron containing the genotype 1a (H77) NS3-NS5B coding region with the adaptive substitutions encoding E1202G, K1691R, K2040R, and S2204I, and finally the 1a (H77) 3= NTR. The genotype 1b (strain Con1) replicon construct contained the 5= NTR from 1b (Con1) (GenBank accession number AJ238799) followed by the firefly luciferase reporter gene and the neo gene, which together constituted the first cistron of the bicistronic replicon construct. This was followed by the EMCV IRES, the second cistron containing the genotype 1b (Con1) NS3-NS5B coding region with the adaptive substitutions encoding E1202G, T1280I, and S2204I, and finally the 1b (Con1) 3= NTR. Both replicon-containing cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 100 IU/ml penicillin, 100 g/ml streptomycin, and 200 g/ml G418 (all from Invitrogen, Carlsbad, CA) with 10% (vol/vol) fetal bovine serum (FBS) (Atlanta Biologicals, Flowery Branch, GA). The inhibitory effects of dasabuvir on HCV RNA replication were determined in DMEM containing 5% FBS, with or without 40% human plasma (Bioreclamation, Westbury, NY), by measuring the activity of the luciferase reporter gene. The cells were incubated for 3 days in the presence of dasabuvir and subsequently were lysed and processed according to the manufacturer's instructions (Promega, Madison, WI). The luciferase activity in the cells was measured using a Victor II luminometer (Perkin-Elmer, Waltham, MA); 50% effective concentration (EC 50 ) values were calculated using nonlinear regression curve fitting to a 4-parameter logistic equation with GraphPad Prism 4 software. EC 50 s and standard deviations (SDs) were calculated from at least 3 experiments conducted in duplicate. The cytotoxicity of dasabuvir was determined with the colorimetric assay using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (5 mg/ml; Sigma-Aldrich, St. Louis, MO) (29); 50% cytotoxic concentration (CC 50 ) values were calculated from the optical density data using nonlinear regression curve fitting to a 4-parameter logistic equation with GraphPad Prism 4 software.
Activity against panel of genotype 1 clinical isolates. Methods for the measurement of activity against HCV replicons containing the NS5B gene from HCV-infected samples were described previously (30) . Briefly, viral RNA was isolated from serum samples obtained from HCV-infected patients by using the QIAamp viral RNA isolation kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. Reverse transcription (RT)-PCR using SuperScript III with Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA) and gene-specific primers was used to generate a DNA fragment containing the NS5B gene. This fragment was ligated into a genotype 1a or 1b replicon shuttle vector plasmid and transformed into competent Escherichia coli cells. After overnight growth in liquid culture, the plasmid DNA from the entire population was isolated, purified, and then linearized by restriction enzyme digestion. The NS5B gene was sequenced using the ABI Prism dye terminator cycle sequencing ready reaction kit, with an Applied Biosystems 3100 genetic analyzer. In transient expression assays, the chimeric replicon containing the gene of interest from an HCV-containing plasma or serum sample was transfected into a Huh-7-derived cell line via electroporation (30, 31) . The EC 50 s were calculated as described above.
Resistance selection. In order to characterize replicon variants with reduced susceptibility to dasabuvir, resistance selection was conducted with the HCV replicon-containing stable cell lines 1a (H77) and 1b (Con1), as described previously (19) . Replicon variant cells (10 4 to 10 5 , depending on the concentration of inhibitor) were plated in 150-mm cell culture plates and grown in the presence of G418 (400 g/ml) and dasabuvir, at a concentration that was either 10-fold or 100-fold above the EC 50 for the respective cell line. After 3 weeks of treatment, the majority of replicon cells were cleared of replicon RNA and therefore were unable to survive in the G418-containing medium. The cells containing resistant replicon variants survived and formed colonies; these colonies were picked and further expanded. To characterize the genotypes of the resistant replicon variants, total RNA was extracted from the expanded colonies using a Qiagen RNeasy spin kit (Qiagen, Valencia, CA). The NS5B coding region was amplified by RT-PCR (with SuperScript III and Platinum Pfx DNA polymerase; Invitrogen, Carlsbad, CA) using specific primers. The amplified samples were purified using a PCR purification kit (Qiagen, Valencia, CA) and sequenced using the ABI Prism dye terminator cycle sequencing ready reaction kit, with an Applied Biosystems 3100 genetic analyzer.
Antireplicon activity against a panel of resistant variants. Methods for measurement of the effects of individual amino acid substitutions on the activity of an inhibitor in HCV replicon cell culture assays were described previously (19) . Briefly, the resistance-associated NS5B mutations were each introduced into the genotype 1a (H77) or 1b (Con1) replicons described above but without the neo gene, using a Change-IT multiple mutation site-directed mutagenesis kit (Affymetrix, Santa Clara, CA). After the mutagenesis had been confirmed by sequence analysis, the plasmids were linearized and a TranscriptAid T7 high yield transcription kit (Fermentas, Glen Burnie, MD) was used to transcribe the HCV subgenomic RNA from the plasmids. In transient expression assays, the replicon containing the substitution was transfected into a Huh-7 cell line via electroporation. EC 50 s and standard deviations were calculated from at least 3 experiments conducted in duplicate, as described above. Replication efficiency was calculated as a percentage of wild-type replication using the following equation: 100 ϫ [(variant 4-day luciferase activity/wildtype 4-day luciferase activity)/(variant 4-h luciferase activity/wild-type 4-h luciferase activity)].
RESULTS
Activity in polymerase enzymatic assays. Dasabuvir inhibited the polymerase enzymatic activity of genotype 1 laboratory strain enzymes (H77, BK, N, and Con1 strains), as well as enzymes produced from polymerase genes from HCV genotype 1-infected subjects, with IC 50 s between 2.2 and 10.7 nM (Table 1 ). Dasabuvir was also tested for inhibition of a variety of human and mammalian DNA-dependent DNA polymerases (polymerases alpha, beta, and gamma) and DNA-dependent RNA polymerases (e.g., RNA polymerases II and III) and one RNA-dependent DNA polymerase (polymerase gamma-RT function). Dasabuvir was highly selective for the inhibition of HCV genotype 1 polymerases over representative human/mammalian polymerases, as judged by selectivity ratios that were at least 7,000:1 (Table 1) .
Activity in HCV replicons. Dasabuvir inhibited replication of HCV subgenomic replicons in cell culture assays, with EC 50 values of 7.7 and 1.8 nM against genotype 1a (H77) and 1b (Con1), respectively ( Table 2 ). In the presence of 40% human plasma, there was a 12-to 13-fold decrease in inhibitory potency, yielding EC 50 s of 99 and 21 nM for HCV genotype 1a (H77) and 1b (Con1) replicons, respectively. The CC 50 for dasabuvir was 10,360 nM, resulting in a therapeutic index that exceeded 1,345.
Resistance in replicon cell culture assays. Subsequent to passaging of HCV genotype 1 replicon cell lines in the presence of dasabuvir and G418, the NS5B sequence from surviving colonies was analyzed (Table 3) . Using concentrations of dasabuvir that were 10-fold greater than the wild-type genotype 1a (H77) EC 50 , the predominant variant selected was S556G, which was observed in 43% of the colonies. Variants at amino acid positions 395, 414, 444, 448, 559, and 565 were also observed, but each substitution was found in only a single colony. Using dasabuvir concentrations that were 100-fold greater than the EC 50 resulted in selection of C316Y as the predominant variant, with a prevalence of 40%, whereas the Y448C, C451R, and S556G variants were each detected at a prevalence of 20%. The impact of these variants on the EC 50 of dasabuvir was evaluated by introduction of each amino acid substitution into the 1a (H77) replicon through mutagenesis or by evaluation of activity in the selected replicon colony harboring the variant. Variants A395G, M414T, N444K, S556G, S556N, and S565F conferred 10-to 32-fold resistance to dasabuvir. This is consistent with the observation that most of these variants were observed following selection with concentrations 10-fold greater than the EC 50 of dasabuvir. Variants C316Y, Y448C, and Y448H conferred over 940-fold resistance, which is consistent with the observation that these variants were generally selected with concentrations 100-fold greater than the EC 50 of dasabuvir. Variants C451R and D559G had poor replication capacity and could not be evaluated in replicon assays. In experiments conducted with genotype 1b (Con1) at a concentration that was 10-fold greater than the EC 50 of dasabuvir, the predominant variants selected were C316Y and M414T. Variants at amino acid positions 368, 411, 445, 451, 553, and 556 were each observed in one colony. Variant S556G in genotype 1b (Con1) conferred 11-fold resistance, while the S368T, N411S, M414T, and A553V substitutions each conferred 47-to 139-fold resistance to dasabuvir. A replicon colony containing variants C445F, C451S, and I585V demonstrated 16-fold resistance to dasabuvir. Variant C316Y in the genotype 1b (Con1) replicon was found to confer 1,569-fold resistance to dasabuvir. The C316Y substitution was observed in all of the surviving colonies in studies conducted with concentrations 100-fold greater than the EC 50 of dasabuvir.
The activity of dasabuvir was evaluated against variants that confer resistance to compounds binding to the nucleoside binding site (S282T), the thumb I site (P495A, P495S, and V499A), and the thumb II site (M423T). Dasabuvir retained wild-type levels of activity against all of these variants ( Table 4) .
Activity of dasabuvir against a panel of genotype 1 clinical isolates. Given the genetic diversity of HCV, the activity of dasabuvir was evaluated against a panel of clinical isolates derived from treatment-naive individuals infected with genotype 1a or genotype 1b virus ( (32) , amino acids at the positions listed above are conserved among the genotype 1a sequences. The EC 50 of dasabuvir against 11 genotype 1a clinical isolates ranged between 0.18 and 8.57 nM. Variants S556G and M414I were each observed in one subject, and the EC 50 values of dasabuvir were 5.17 and 8.57 nM, respectively, in those samples. Among the genotype 1b sequences in the European database, the prevalence of variants at amino acid positions 316, 451, 499, and 566 ranged between 11% to 37%, while the residues at all of the other positions listed above were conserved. The EC 50 of dasabuvir against 11 genotype 1b clinical isolates ranged between 0.15 and 2.98 nM. Variants C451G, C451T, V499A, and S556G were observed in isolates from two individuals; however, dasabuvir remained active against both samples. As none of the clinical isolates in this panel contained C316N, a com- mon polymorphism in genotype 1b NS5B according to the sequence database, this variant was introduced into the 1b (Con1) replicon and was found to confer 5-fold resistance to dasabuvir (Table 3) .
DISCUSSION
Dasabuvir was developed to be an inhibitor of the HCV RNA polymerase and to contribute to a multitarget strategy for treatment of HCV genotype 1 infections. The in vitro characterization of dasabuvir consisted of profiling the inhibitory activity of the compound in biochemical enzyme assays and cellular replicon assays, as well as establishing its resistance profile. In biochemical assays, dasabuvir inhibited HCV genotype 1 polymerases with IC 50 s between 2.2 and 10.7 nM and was largely inactive toward polymerases from HCV genotypes 2, 3, and 4. These results suggest that dasabuvir will be most useful for treating HCV genotype 1 infections. There was no significant inhibitory activity against endogenous human/mammalian polymerases, leading to selectivity factors exceeding 7000:1. This high degree of selectivity likely results from the fact that there is no human counterpart for the RNA-dependent RNA polymerase enzymatic activity possessed by HCV polymerase. (32) . However, C316N and S556G variants in the genotype 1b (Con1) replicon conferred only 5-and 11-fold resistance to dasabuvir, respectively. The evaluation of the susceptibility of viral sequence variants to dasabuvir was accomplished via resistance selection with genotype 1 replicons. These experiments selected variants at several amino acid positions in the NS5B protein. The predominant variants selected in the genotype 1a replicon were S556G and C316Y, while C316Y and M414T were predominant in the genotype 1b replicon. The C316Y variant in both genotype 1a and 1b replicons and Y448C/H in the genotype 1a replicon conferred Ͼ900-fold resistance to dasabuvir. Other variants at amino acid positions 368, 411, 414, 553, 556, and 559 conferred lower levels of resistance. Variants C316Y, M414T, Y448H, and S556G in both genotype 1a and 1b replicons had Ͼ30% replication capacity, while the other variants tested at amino acid positions 368, 411, 445, 451, 553, and 559 had Ͻ20% replication capacity relative to the wildtype replicon (Table 3 ). The high replication capacities of the C316Y, M414T, Y448H, and S556G variants combined with high levels of resistance strongly suggest that these viral variants might be expected to arise as variants resistant to dasabuvir monotherapy in human subjects. Indeed, dasabuvir monotherapy has been studied in human subjects as part of clinical studies M10-380 (registered at ClinicalTrials.gov under registration number NCT00851890) and M11-602 (registered at ClinicalTrials.gov under registration number NCT01074008). Both studies were randomized, placebo-controlled, dose-ranging studies evaluating the pharmacokinetics, safety, tolerability, antiviral activity, and resistance of dasabuvir in HCV-infected treatment-naive adults (33, 34) . Both studies contained a 3-day monotherapy period followed by a treatment regimen that included pegylated interferon and RBV, which allowed for early on-treatment evaluation of resistant variants. Analyses conducted at postbaseline time points showed the presence of variants C316Y, M414T/I, Y448H, S556G, and D559G/N (33, 34) . Thus, the in vitro resistance selection results correlated well with the resistant variants that arose in study participants treated with dasabuvir as monotherapy. Moreover, the selection of significant resistant variants in vitro and in vivo after exposure to dasabuvir emphasizes that the treatment of HCV will require a multitarget approach using a combination of potent direct-acting antiviral agents with nonoverlapping viral targets.
Insights regarding the potential binding sites and inhibitory mechanisms of dasabuvir with the HCV polymerase can also be gleaned from an analysis of resistant variants. The variants selected by dasabuvir were similar to those selected by the benzothiadiazine class of inhibitors, compounds that bind to the palm I site of NS5B (19) (20) (21) . The palm I site overlaps with the palm II site near the C316 residue, as indicated by the fact that the C316Y variant is resistant to the known palm II inhibitor HCV-796. However, HCV-796 possesses significant inhibitory activity toward genotype 2a, 2b, and 3 polymerases (18) . The observation that dasabuvir is not active against genotype 2 and 3 polymerases suggests that it is likely a palm I site binder. Sequence alignments of the palm I site reveal that the genotype 1 Met414 residue is Gln in genotype 2 and Val in genotype 4a. In addition, the genotype 1 Ile447 residue is Met in genotypes 2 to 5. HCV genotype 1 polymerases containing substitutions at positions 414 and 448 are resistant to dasabuvir, thereby demonstrating the importance of the TABLE 5 Antiviral activity of dasabuvir in transient expression assays with HCV replicons containing NS5B genes from treatment-naive HCV-infected subjects amino acids in this region for the binding of dasabuvir and perhaps providing a rationale for the genotype 1 selectivity of dasabuvir. Thus, the available data suggest that dasabuvir inhibits HCV polymerase through an allosteric mechanism that is similar to that of the benzothiadiazines, blocking the RNA chain initiation steps of the polymerase (Y. Liu, unpublished data). Importantly, the results in Table 4 demonstrate that variants that are typically selected by nucleoside/nucleotide, thumb I, or thumb II site inhibitors are not resistant to dasabuvir. The absence of overlapping resistance profiles suggests that dasabuvir could be effective as part of combination therapy that includes other types of polymerase inhibitors.
In summary, dasabuvir is a selective nonnucleoside inhibitor of HCV genotype 1 RNA polymerases that likely binds to the palm I allosteric inhibitory site of the protein. The resistance profile of dasabuvir supports its use in combination with other direct-acting anti-HCV drugs for the treatment of genotype 1 infections. This in vitro profile provided one of the bases for investigating the combination of dasabuvir with the NS3/NS4A protease inhibitor ABT-450 (plus ritonavir) and the NS5A inhibitor ombitasvir (ABT-267) in human subjects infected with HCV of genotype 1. The combination of these three direct-acting anti-HCV agents provides a high barrier to resistance, as evidenced by the high sustained virological response rates in treatment-naive and treatment-experienced patients, with or without cirrhosis, treated to date in the six phase 3 clinical trials conducted with or without ribavirin (23) (24) (25) (26) (27) . Therefore, dasabuvir has the potential to play a key role in the treatment of HCV genotype 1 infections worldwide.
